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Thermochemistry of the Boranes

C.-L. Yu and S. H. Bauer @
Department of Chemistry, Cornell University, Ithaca, New York 14853

Received October 6, 1997; revised manuscript received March 13, 1998

A compilation is presented of published experimental and computational refpédts
referencepon the structures, vibrational frequencies, molar enthalpies of formation and
standard entropies for 26 gas phase boranes for the temperature range from 0 to 1500 K.
The thermochemical properties have been collated via standard programs and are listed in
a convenient tabular format. Levels of uncertainties in the thermodynamic functions have
not been assessed, because of the limited experimental and computational data. The
tabulated values were fitted to standard seven-parar(féfe8A) polynomials to facili-
tate the computation of enthalpies of formation, entropies, and heat capacities for mod-
eling purposes. Within the context of intrinsic uncertainties, the equilibrium compositions
of the gas phase were calculated, constrained to constant temperature and volume, for
several boron—hydroge(B/H) ratios, at various temperatures and pressures.(Uinex-
pected results indicate that in none of the reported gas-phase kinetics studies was ther-
modynamic equilibrium attained, even though the measured concentration profiles appear
to extrapolate to steady state product distributions1998 American Institute of Physics
and American Chemical Sociefy50047-268808)00104-4

Key words: borane; boron hydrides; enthalpies of formation; heat capacities; entropies; thermochemical
parameters; equilibrium compositions.
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He standard enthalpgd-mol™?%)
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.. 822 action of forming the given compound from
its elements
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.. 823
1. Introduction
.. 824

The boranes have attracted much attention due to their

824 unique chemical properties. They play crucial roles in sev-

TaABLE 1. Thermal data of boranes at 298.15 K and 1 bar

A¢H° S° Cp

Species Name CAS number (kJ-mol™)  (J-K™mol™)  (J-K L-mol™Y
BH borane(1) 13766-26-2 442.7 171.85 29.18
BH, borane(2) 14452-64-3 318.0 193.67 34.98
BH; borane(3) 13283-31-3 89.2 188.23 36.02
BH, borane(4) 37365-60-9 236.4 211.61 44.28
BHs borane(5) 35325-82-7 79.9 230.55 54.12
B,H diborane(1) 737.6 214.29 42.33
B,H, diborane(2) 56125-74-7 396.5 213.24 46.89
single-bridge BH5 diborane(3) 306.7 236.07 52.53
double-bridge diboranég) 3159 233.22 52.48

B,H;
single-bridge BH, diborane(4) 18099-45-1 211.0 236.15 57.12
double-bridge diboran&t) 18099-45-1 209.7 227.83 51.52

B,H,
single-bridge BH5 diborane(5) 124521-90-0 254.7 243.47 58.27
double-bridge diboranéb) 124521-90-0 275.1 245.55 53.16

B,Hs
B,Hg diborane(6) 19287-45-7 36.4 232.05 56.65
CsB3H, triborane(7) 12429-70-8 128.4 267.99 76.71
C,,-B3H; triborane(7) 12429-70-8 146.4 265.96 81.62
B3Hg triborane(9) 36350-66-0 138.9 278.33 91.70
B4H, tetraborand?) 158511-74-1 326.2 277.61 80.38
BsHo tetraborang10) 18283-93-7 66.1 280.27 93.17
B4H1» tetraborang12) 60349-62-4 188.3 315.89 128.25
BsHq pentaboran€9) 19624-22-7 73.2 280.62 99.59
BsH, pentaborangl1) 18433-84-6 103.3 320.96 130.31
BeH1o hexaborand10) 23777-80-2 94.6 296.84 125.74
BgH1,» octaborang12) 19469-16-0 147.3 337.65 157.03
BgH15 nonaborang15) 19465-30-6 158.4 364.91 187.02
BigH1a decaborané14) 17702-41-9 47.0 350.74 186.10

J. Phys. Chem. Ref. Data, Vol. 27, No. 4, 1998



THERMOCHEMISTRY OF THE BORANES 809

TaBLE 2. Molecular constants used in the calculation of thermochemical parameters

Point Symmetry Rotational Ground state
Species group number constaften Y degeneracy Vibrational frequenciésm™?)
BH C.v 1 12.04 1 2368
BH, Cyy 2 41.7,7.24, 6.0 2 2658, 973, 2507
BH3 Dapn 6 7.87,7.87, 3.88 1 1147, 2602, 2602, 1197, 1197,2495
BH, Cyy 2 2.94,3.84, 7.24 2 2390, 1967, 1333, 939, 1850, 598, 2505, 993, 837
BHs5 Cs 1 2.83, 3.07, 3.65 1 3306, 2544, 2475, 2260, 1481, 1087, 1134,
1070, 912, 832, 605, 108
B,H C.y 1 0.848, 0.848 2 2689, 865, 475, 475
B,H, D.., 2 0.853, 0.853 3 570, 570, 640, 640, 1278, 2745, 2783
single-bridge G 2 0.705, 0.775, 7.85 2 2707, 2591, 2513, 1174, 958, 889, 852, 424, 409
B,H;
double-bridge G 2 0.810, 0.871, 11.63 2 2770, 2719, 1884, 1297, 1147, 793, 651, 598, 359
B,H;
single-bridge By 2 0.662, 0.662, 4.06 1 2554, 1252, 821, 455, 2529, 1197, 2594, 2594, 1011,
B,H, 1011, 473, 473
double-bridge Gy 2 0.841, 0.846, 6.96 1 2794, 2062, 1357, 1206, 753, 1212, 535, 2059, 814, 2756,
B,H, 1338, 541
single-bridge G 2 0.589, 0.627, 3.12 2 2716, 2701, 2607, 2590, 1865, 1687, 1188,
BoH5 1152, 1084, 936, 897, 788, 682, 463, 457
double-bridge [ 1 0.628, 0.697, 3.46 2 2671, 2660, 2580, 2194, 2010, 1724, 1654,
BoH5 1216, 1042, 968, 935, 888, 832, 799, 389
B,Hg Dy, 4 2.656, 0.606, 0.557 1 2530, 2088, 1183, 790, 833, 1760, 860, 2609,
949, 369, 2596, 915, 1924, 973, 1020, 2520,
1603, 1172
CsBsH; Cs 1 0.307, 0.445, 1 299, 406, 627, 705, 706, 730, 790, 839, 897,
0.652 959, 963, 1071, 1094, 1183, 1219, 1312, 1434,
2060, 2118, 2543, 2556, 2643, 2655, 2658
C,-B3H, Coy 2 0.307, 0.529, 1 303, 422, 449, 581, 584, 620, 783, 881, 895,
0.531 937, 937, 1024, 1063, 1172, 1172, 1214, 1753,
2001, 2503, 2522, 2573, 2583, 2594, 2656
BsHg Csy 3 0.248, 0.414, 1 2677, 2662, 2549, 2537, 2537, 2163, 2123,
0.414 2123, 1716, 1716, 1675, 1163, 1139, 1139,
1084, 1084, 1016, 932, 907, 907, 819, 819,
800, 538, 538, 490, 353, 211, 211, 2662
B4H, Cs 1 0.745, 0.304, 1 221, 434, 522, 571, 670, 691, 723, 726, 772,
0.216 828, 881, 1046, 1233, 1397, 2199, 2638, 2687, 2688
B4H1g C,y 2 0.187, 0.207, 1 2570, 2570, 2475, 2095, 1444, 1255, 1145,
0.367 965, 908, 827, 785, 559, 2150, 1308, 1117,
1023, 868, 737, 662, 2570, 2150, 1324, 1196,
966, 846, 779, 525, 2570, 2475, 2150, 1388,
1140, 1064, 898, 472, 236
B,H1» (% 2 0.193, 0.288, 1 2715, 2677, 2562, 2540, 2238, 1512, 1179,
0.335 1133, 1047, 776, 596, 380, 323, 141, 2047,
1535, 1125, 925, 715, 683, 314, 237, 2679,
2541, 2199, 1508, 1156, 1074, 876, 791, 604,
323, 2700, 2558, 2254, 1539, 1160, 1057, 902,
744, 599, 251
BsHq Cu 4 0.166, 0.238, 1 2628, 2610, 1844, 1126, 985, 799, 702, 1358,
0.238 732, 1813, 1079, 741, 241, 2610, 1684, 1036,
785, 599, 2610, 1800, 1634, 1410, 1035, 890,
711, 618, 569, 2610, 1800, 1634, 1410, 1035,
890, 711, 618, 569
BsHqq C, 1 0.124, 0.160, 1 160, 246, 329, 362, 388, 503, 536, 552, 615,
0.280 640, 669, 690, 707, 772, 800, 825, 844, 887,
914, 936, 961, 990, 1055, 1070, 1115, 1130,
1158, 1191, 1260, 1321, 1597, 1805, 2062,
2175, 2231, 2466, 2478, 2532, 2558, 2563,
2564, 2572
BeH1g Cs 1 0.105, 0.170, 1 335, 349, 502, 539, 548, 551, 594, 623, 651,
0.172 664, 678, 688, 706, 710, 772, 797, 808, 853,

860, 873, 910, 924, 949, 1029, 1039, 1060,

1073, 1130, 1382, 1486, 1517, 1580, 1791,

1794, 1902, 1903, 2536, 2547, 2555, 2570,
2578, 2585

J. Phys. Chem. Ref. Data, Vol. 27, No. 4, 1998



810 C.-L. YU AND S. H. BAUER

TaBLE 2. Molecular constants used in the calculation of thermochemical parameters—Continued

Point Symmetry Rotational Ground state
Species group number constaften %) degeneracy Vibrational frequenciésm™?)

BgH1» Cs 1 0.066, 0.084, 1 2715, 2708, 2677, 2669, 2658, 1946, 1901,
0.118 1848 1525, 1166, 1133, 1102, 1065, 1008,
984, 961, 907, 875, 830, 782, 750, 733, 711
687, 653, 620, 571, 543, 432, 265, 2705, 2697,
2670, 1915, 1585, 1488, 1414, 1096, 1001
974, 953, 904, 881, 854, 749, 723, 715, 687
653, 575, 515, 428, 339, 303
BgH;s Cs 1 0.0485, 0.0533, 1 2711, 2692, 2677, 2675, 2666, 2659, 2544
0.0870 2251, 1970, 1897, 1636, 1284, 1199, 1184
1140, 1056, 1012, 1001, 989, 904, 890, 857
820, 803, 736, 726, 696, 687, 649, 633, 623
565, 522, 456, 364, 294, 207, 2702, 2688
2663, 2265, 1956, 1705, 1527, 1348, 1163
1113, 1051, 996, 984, 952, 919, 906, 891, 856
779, 723, 711, 697, 655, 571, 536, 472, 436
367, 196
BigH14 Cyy 2 0.0489, 0.0573, 1 2707, 2691, 2674, 2660, 1943, 1733, 1215
0.0746 1001, 994, 965, 852, 847, 758, 736, 679, 643,
627, 544, 416, 336, 2685, 1864, 1563, 1124,
997, 943, 934, 856, 758, 718, 668, 571, 503
230, 2690, 2657, 1890, 1629, 1166, 1044, 966,
927, 795, 742, 720, 696, 605, 597, 338, 2703
2684, 2672, 1920, 1628, 1144, 1054, 992, 924,
902, 822, 769, 707, 672, 624,524, 444

eral industrial processes such as electronics and the synthesmchanics calculations for the thermochemical properties are
of high-temperature materials. To optimize their practical apsummarized in Table 2. Reviews of the literature that cover
plications, fundamental data for their thermal propertess  their physical and thermal properties are presented in Sec. 2.
thalpies of formation, entropies, and heat capagitée re- We note that 13 additional species have been identified,
quired. Although numerous studies of the thermochemistnput one or more essential paramet@nsthalpy of formation,
of the boranes have been reported, as of this date only thébrational frequencies, or molecular geomgtaye unavail-
JANAF Thermochemical Tablésnd Gurvichet al? provide — able for statistical mechanics calculations. They argd48
comprehensive literature surveys and critical thermal data foB,Hg, (BsHg)», BgHi2, BgHs, BgHis, BgHig, BgHg,
a few boranes. The objective of the present study is to comBgH,3, B1gH1g, BisH1g, B1gHo, and BgHqg. A still longer
pile a survey of the boranes, particularly of those whosdist of the borane species generated by electron impact ion-
thermal properties that have not been reviewed, thus tization was published by Rozett and co-work&tsAddi-
complement the JANAF tablend Gurvichet al? In several tional thermodynamic investigations of these species are
cases, their databases need to be updated since more accudéarly needed.
experimental measurements have become available. Also,
we evaluated the seven polynomial coefficigiigsed on the
NASA formai® for the boranes to facilitate thermal equilib- 1.2. Comments on Thermal Parameter Evaluations
rium calculations and kinetic modeling. and Calculations

Finally, we present the first attempt of gas-phase borane
thermal equilibrium calculations over a wide range of tem- The present literature survey covers about a half century.
peraturegfrom 300 to 1000 K for various boron—hydrogen The recommended values for the structures, vibrational fre-
ratios. The resulting equilibrated borane concentrations produencies, and enthalpies of formation are based on experi-
vide contrast with the published steady state borane concefental determinations, theoretical calculations, reviews, and

trations as reported in several pyrolysis kinetic studies. ~ empirical estimations, but the heaviest weight was given to
experimental determinations. Consistency among the pub-

lished values was a criterion for selection of final magni-
tudes. For 14 of the 26 species, there are partial or extended
Table 1 lists 26 borane species that are covered in thexperimental data, and for 12 only the computed or empiri-
present study. Also cited in the table are their Chemical Abcally estimated values are available for minimum energy
stract Servic CAS) numbers along with their enthalpies of structures, enthalpies of formation, and vibrational frequen-
formation, molar entropies, and heat capacities at 298.15 Kies. The assigned values upon which the calculated thermal
and 1 bar. The molecular constants used in the statisticgdarameters are based are subject to varying levels of uncer-

1.1. Borane Species Considered

J. Phys. Chem. Ref. Data, Vol. 27, No. 4, 1998



THERMOCHEMISTRY OF THE BORANES 811

TasLE 3. |deal gas thermodynamic parameters of BH at 1 bar

; c: s —[G°—H°(298.15 K)J/T He —H°(298.15 K AH®  AG®

(K) (3-K Lmol™? (kJ-mol™1) log;o K

0 0.000 0.000 o0 —8.639 439.476 439.476 —
100 29.126 140.014 197.766 —=5.775 440.816 431.882 —225.592
200 29.143 160.207 174.516 —2.862 442.050 422.433 —110.328
298.15 29.181 171.849 171.849 0.000 442.667 412.651 —72.295
300 29.182 172.029 171.849 0.054 442.673 412.465 —71.816
400 29.347 180.442 172.995 2.979 442.783 402.367 —52.544
500 29.741 187.029 175.166 5.931 442.543 392.285 —40.982
600 30.340 192.502 177.612 8.934 442.100 382.272 —33.280
700 31.052 197.231 180.084 12.003 441.545 372.344 —27.785
800 31.792 201.426 182.495 15.145 440.928 362.500 —23.669
900 32.503 205.212 184.812 18.360 440.274 352.735 —20.472
1000 33.160 208.671 187.027 21.644 439.594 343.045 —17.919
1100 33.752 211.860 189.142 24.990 438.890 333.424 —15.833
1200 34.280 214.820 191.160 28.392 438.164 323.868 —14.098
1300 34.748 217.583 193.087 31.844 437.414 314.373 —12.632
1400 35.162 220.173 194.930 35.340 436.639 304.938 —11.377
1500 35.530 222.612 196.695 38.875 435.835 295.558 —10.292

tainties. Thus, we provide a preliminary view of current es-of Storms and Muellet which is higher than others by about
timates of equilibrium partitions of borane species for a prac12 k3mol~* but has the smallest assigned experimental er-
tical range of temperatures. ror. Nordine and co-worket$! suggested that reaction be-
The thermal properties are calculated using conventionalveen gaseous boron and the container used by Storms and
statistical mechanics relations under the ideal gas, rigid rotoMueller® may have led to a significant error. We followed
and harmonic oscillator approximatidriThe selected theo- JANAF' by adopting A{H°(B, g, 298.15 K=560+12
retical vibrational frequencies are scaled by 0.943 for highkJ-mol™1.
level (Moller—Plessetab initio calculations and by 0.90 for
Hartree—Fock level calculatioﬁsThe electronic state contri- 1 3 A Brief Historical Account of Borane Research
butions are calculated by directly summing over the energy
levels! Although little or no such information is available  The first recorded unsuccessful attempt to prepare boranes
for most of the boranes, note that for the present applicatiomas made by Wohler in 1858.During the following half
the electronic state contributions have little impact on thecentury several skillful investigators explored a variety of
calculated thermal properties. In all calculations the atomidechniques for synthesizing and identifying gaseous species
mass of boron was set to be 10.814mgl %, which is an  that incorporated boron and hydrogen. None proved defini-
average of'B and 1B weight by their natural abundance. tive until, in a concrete effort, Stoolbeginning about 1908
The fundamental constants in the statistical mechanics calculeveloped techniques for manipulating the synthetic and
lations are those of Cohen and TayloSysteme Interna- characterizing operations in the absence of air and wWatar.
tional (SI) units are used throughout. the United States, intensive studies of hydrides of boron
To maintain internal consistency, it is essential to selectvere undertaken by Schlesinger in 1929vhile in Germany
enthalpies of formation for gas-phase boron and hydrogertock’s program was carried forward by Wiberg. In the
since these quantities are required to derive enthalpies dinited States, Schlesinger’s investigations were extended by
formation of the boranes from experimentally determined atBurg and Brown. A second spurt in synthetic activity oc-
omization energies. The enthalpy of formation of atomic hy-curred in 1958 under the direction of Schaefféand there-
drogen is well-established and reported in JANAEL7.999  after many syntheses, characterizations, and theoretical
+0.006 kdmol™! at 298.15 K. However, for gas-phase bo- analyses were published. An abbreviated list of reviews and
ron, there are significant discrepancies in the literature. Thi&reatises that have been presented during five decades is
JANAF editors accepted the value recommended by an eagiven in several review¥1°
lier CODATA analysis of experiments reported prior to That the boranes may serve as exceptionally high energy
1976. Subsequently, there were four experimentalexotic) fuels for propulsion was discussed informally on the
determination§-!* Three were in close agreement with Caltech campus during 1936, and seriously proposed by the
JANAF tabled and with Coxet al®® The exception is that British in 1947. The U. S. Department of DefendaoD)

J. Phys. Chem. Ref. Data, Vol. 27, No. 4, 1998



812

C.-L. YU AND S. H. BAUER

TaBLE 4. |deal gas thermodynamic parameters of,Bitl1 bar

. Cr s° —[G°—H°(298.15 K)/T H°—H°(298.15 K AfH®  AG®
(K) (J-K 1. mol™?) (kJ-mol™1) 10g10 Kt
0 0.000 0.000 s -10.024 317.641 317.641 —

100 33.259 156.902 223.880 —6.698 317.944 312.357 —163.156
200 33.631 180.015 196.822 —3.361 318.254 306.617 —80.079
298.15 34.975 193.671 193.671 0.000 317.984 300.943-52.723
300 35.006 193.888 193.672 0.065 317.975 300.837—52.379
400 36.665 204.191 195.065 3.650 317.291 295.219-38.551
500 38.305 212577 197.753 7.412 316.399 289.801—30.275
600 39.961 219.775 200.837 11.363 315.440 284.572—24.774
700 41.634 226.182 204.008 15.522 314.506 279.502—20.856
800 43.268 232.021 207.150 19.897 313.645 274.560—17.927
900 44.807 237.421 210.217 24.484 312.877 269.723—15.654
1000 46.217 242.459 213.192 29.267 312.193 264.964—13.840
1100 47.482 247.184 216.069 34.226 311.583 260.271—12.359
1200 48.603 251.631 218.849 39.338 311.029 255.632—11.127
1300 49.589 255.827 221.534 44.581 310.509 251.038—10.087
1400 50.454 259.793 224.126 49.933 310.007 246.482 —9.196
1500 51.210 263.549 226.630 55.377 309.509 241.962 —8.426
initiated an extensive projettin 1952 to develop a fuel with Herzberg® (330.1 kJmol™%). Recent ab initio

properties similar to JP-4, but one that burned with a muclealculation~3" however, favor slightly higheb, values,
higher flame speed and generated a high specific impulseanging from 338.5 to 350.2 kihol ™.
Different branches of DoD supported research and develop-

ment of combinations of boron, carbon, and hydrogges-
ignated: carborangsthat underwent extensive testifig??

Research and development waxed and waned because the

ideal high energy fuelrelative to cost, combustion product
tolerance, etg.proved elusive. However, interest in the bo-

2.2. BH,

ranes has not subsided, and is now directed at exploring their The ultraviolet spectrum and molecular structure of,BH

many unconventional structures via high lewab initio

were reported by Herzberg and Joffi$n the ground state

quantum computations. The boranes present particularl{X %Aj) it is bent(C,, symmetry, whereas in the first ex-

challenging aspects that test the reliability of curr@minitio

cited state A °B,), it is linear. Several recent high-levab

programs to account for the experimental data and for preinitio calculationd®**~*!ed to structures in good agreement
dicting the possible existence of the boron—hydrogen combiwith those measured. In this study, we select the rotational

nations not yet identified or fully characterized.

2. Thermodynamic Properties of the
Boranes

2.1. BH

The listed ideal gas thermodynamic paramet&iable 3
for BH are identical to those of JANAE.The molecular
constants and vibrational frequency cited by Herzbet

constants of Herzberg and Johfig2and the vibrational fre-
quencies and the energy difference calculated by Kolbu-
szewskiet al*

For A{H°(BH,, 298 K), the JANAF tables proposed a
low value (200.83 kdmol~ 1) based on an early appearance
potential measurement by Fehlner and KdSkilowever, re-
cent ab initio calculations by Popleet al.,*? Curtiss and
Pople®® Martin et al.?® Martin et al.®” and Allendorf and
Melius** gave much higher values, in the range 312.96—
321.33 kdmol*. We select 317.98 kinhol, which is an

were used in the JANAF tables and were confirmed by Bauefverage of theab initio results. This value is also in good

et al?® and Johngt al?® The value 439.48 8.4 k3mol™*
for A;H°(BH, 0 K) was adopted by JANAF and compares
favorably with the recommended val(#42.94+ kJ-mol™ %)
by Gurvichet al? That value was derived from the dissocia-
tion energy Do) estimated by Hurledf (327.2 kmol %)

agreement with that recommended by Guntfal? (318.29
kJ-mol™?). The ideal gas thermodynamic parameters for
BH, are listed in Table 4. Compared with those of Gurth
al.,?> the maximum differences for the values ®f> and S°

are 3.0 and 0.4-K1-mol ™%, respectively, which are due to

and agreed well with that recommended by Huber andlifferences in the assigned vibrational frequencies.
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TaBLE 5. Ideal gas thermodynamic parameters of;Bitl1 bar

. Cp s° —[G°—H°(298.15K}/T H°—H°(298.15 K AfH®  AG®

(K) (3K L.mol™Y (kJ-mol™Y) logso K¢
0 0.000 0.000 o —10.060 93.051 93.051 -
100 33.258 151.334 218.672 -6.734 91.854 91.860 —47.982
200 33.630 174.436 191.432 -3.399 90.815 92.235 —24.089
298.15 36.017 188.232 188.232 0.000 89.196  93.257-16.338
300 36.082 188.455 188.233 0.067 89.162  93.283-16.242
400 40.103 199.367 189.694 3.870 87.243  94.943-12.398
500 44.427 208.781 192.589 8.096 85.354  97.088-10.143
600 48.594 217.253 196.004 12.749 83.633  99.601 —8.671
700 52.470 225.039 199.603 17.805 82.127 102.384 —7.640
800 55.993 232.280 203.240 23.232 80.840 105.368 —6.880
900 59.135 239.060 206.848 28.991 79.758 108.502 —6.297
1000 61.898 245.437 210.391 35.046 78.844 111.745-5.837
1100 64.306 251.452 213.853 41.359 78.068 115.073—5.464
1200 66.393 257.139 217.225 47.896 77.401 118.468 —5.157
1300 68.198 262.526 220.505 54.628 76.809 121.916 —4.899
1400 69.759 267.639 223.690 61.528 76.273 125.407 —4.679
1500 71.111 272.499 226.783 68.573 75.772  128.934 —4.490
2.3. BH; assignment of frequencies derived from the matrix-isolation

I . spectra by Kaldor and Port&t.The measured vibrational
The structure and vibrational frequencies were measurefj

. ) . requencies are in close agreement wath initio values by
by Kawaguchi and co-workers, using Fourier transform-St tonet al 5 Mart d Le&? and Galbraithet a5 |
infrared (FT-IR) and diode laser spectroscoffy*® In the antonet al,™ Martin and Le€,” and Lalbraithet al.= In

ground state X 'A,), this species is planar (.47~ the present calculations, the rotational constants and the vi-
Kawagucht® also called attention to an earlier mis-

TaBLE 6. Ideal gas thermodynamic parameters of,Bitl 1 bar

T Cp S° —[G°—H"°(298.15 K|/IT H°—H°(298.15 K AH®  A¢G®
(K) (J-KX-mol™Y) (kJ-mol™1) logyo K+
0 0.000 0.000 o0 —-10.771 243.773 243.773 —o»
100 33.381 171.627 246.069 —7.444 241.078 244.091 —127.498
200 36.972 195.547 215.414 —-3.973 238.828 247.967 —64.761
298.15 44.282 211.613 211.613 0.000 236.396 252.967—44.318
300 44.431 211.888 211.614 0.082 236.351 253.071—-44.063
400 52.367 225.766 213.453 4.925 234.019 259.003-—-33.822
500 59.687 238.251 217.183 10.534 232.051 265.484—-27.734
600 66.214 249.723 221.663 16.836 230.514 272.323-23.707
700 71.918 260.369 226.441 23.749 229.396 279.386—20.848
800 76.820 270.301 231.310 31.193 228.651 286.581—-18.711
900 80.984 279.596 236.164 39.089 228.218 293.852—-17.054
1000 84.499 288.316 240.948 47.368 228.026 301.156—15.731
1100 87.458 296.512 245.630 55.970 228.020 308.471—-14.648
1200 89.953 304.232 250.195 64.844 228.150 315.780—-13.745
1300 92.061 311.517 254.635 73.948 228.370 323.075—12.981
1400 93.849 318.407 258.946 83.246 228.650 330.351-12.325
1500 95.374 324.935 263.130 92.709 228.963 337.604—11.756
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TaBLE 7. |deal gas thermodynamic parameters ofsBiti1 bar

o

- Cp s° —[G°—H°(298.15 K]/T H°—H°(298.15 K A¢H® A;G°

(K) (J-Kt-mol™h (kJ-mol™ 1) l0gy0 K¢

0 0.000 0.000 0 —12.751 89.535 89.535 —=
100 40.200 181.824 272.600 —9.078 85.687 92.717 -—48.429
200 45121 210.945 235.192 —4.849 82.847 100.848 —26.338
298.15 54.123 230.552 230.552 0.000 79.904 110.310-19.326
300 54.310 230.888 230.553 0.100 79.851 110.500-19.239
400 64.242 247.888 232.804 6.034 77.156 121.135-15.818
500 73.061 263.195 237.376 12.910 74.994 132.390-13.830
600 80.612 277.201 242.862 20.603 73.384 144.030-12.539
700 87.091 290.127 248.703 28.997 72.277 155.898-11.633
800 92.672 302.129 254.640 37.992 71.607 167.893-10.962
900 97.481 313.329 260.546 47.505 71.305 179.952-10.444
1000 101.622 323.820 266.354 57.465 71.292 192.026-10.030
1100 105.186 333.677 272.031 67.810 71.509 204.090-9.691
1200 108.254 342.964 277.559 78.486 71.902 216.128-9.408
1300 110.899 351.736 282.930 89.447 72.418 228.127-9.166
1400 113.183 360.040 288.144 100.654 73.025 240.084-8.957
1500 115.163 367.918 293.202 112.074 73.691 251.993-8.775

brational frequencies are those of Kawag@thsupple- thermodynamic parameters for BHare given in Table

mented W|th(2495 Cm_l), calculated by Martin and Le,:_g 5. The maximum differences in the values m'g and
The spread in the literature values cited for the enthalpy o&e penwveen Table 5 and those of Gurviat al? and

formation of BH, is about 27 kdmol™! (from 79.50 to -1 -1

the JANAF tables are 2.5 and 5.4 -K 'mol™?

106.69 kdmol™*) 12327437545 rom the recent measured respectively. The deviations are due mainly to the

atomization energy reported by Ruscit al%? A;H° : > ) L )

(BHs, 0 K) was calculated to be 93.05 kdol™ !, which is difference in the assigned vibrational frequencies.

also in close agreement with that of Gurviehal,? Saxon®!

Martin3” and Allendorf and Melius$* The ideal gas

TaBLE 8. Ideal gas thermodynamic parameters gfiEat 1 bar

o

; cp s —[G®—H°(298.15 K)|/T H° —H°(298.15 K AfH®  A(G®

(K) (J-KX-mol™Y) (kJ-mol™1) l0g0 K¢
0 0.000 0.000 o0 —-10.116 734.185 734.185 —=

100 29.944 175.908 247.845 —7.194 735.559 723.067 —377.685
200 36.555 198.541 217.989 —-3.890 736.851 710.051 —185.443
298.15 42.331 214.287 214.287 0.000 737.639 696.709-122.058
300 42.419 214.549 214.288 0.078 737.649 696.455-121.262
400 46.192 227.310 216.002 4.523 737.915 682.669—89.146
500 48.669 237.901 219.353 9.274 737.742 668.870—-69.875
600 50.474 246.941 223.216 14.235 737.277 655.136—57.034
700 51.923 254.834 227.181 19.357 736.620 641.496—47.868
800 53.149 261.849 231.084 24.612 735.832 627.959-41.001
900 54.209 268.172 234.859 29.981 734.953 614.529—-35.666
1000 55.132 273.932 238.483 35.449 733.993 601.196—31.403
1100 55.933 279.225 241.949 41.004 732.967 587.966—27.920
1200 56.629 284.123 245.262 46.633 731.881 574.833—25.021
1300 57.233 288.680 248.429 52.326 730.731 561.793—22.573
1400 57.757 292.941 251.458 58.076 729.519 548.843—20.477
1500 58.212 296.942 254.358 63.876 728.246 535.981—-18.664
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TaBLE 9. Ideal gas thermodynamic parameters gfiBat 1 bar

- Cp S° —[G°—H°(298.15 K]/T H°—-H°(298.15 K A¢H® A G®
(K) (J-K~t.mol™h (kJ-mol™1) l0g Ky
0 0.000 0.000 o0 -10.371 397.061 397.061 —x
100 29.550 173.929 248.489 —7.456 396.930 389.671 —203.540
200 37.566 196.420 217.243 —4.165 396.861 382.427 —99.878
298.15 46.885 213.238 213.238 0.000 396.538 375.402—-65.768
300 47.034 213.528 213.239 0.087 396.530 375.271-65.339
400 53.730 228.036 215.171 5.146 395.957 368.264—48.089
500 58.452 240.560 219.026 10.767 395.193 361.425-37.757
600 62.066 251.550 223.549 16.800 394.335 354.753-—-30.883
700 65.044 261.349 228.262 23.161 393.448 348.226—25.984
800 67.601 270.211 232.960 29.801 392.569 341.825-22.319
900 69.828 278.317 237.556 36.686 391.717 335.535-19.474
1000 71.775 285.800 242.011 43.789 390.891 329.335-17.202
1100 73.474 292.757 246.311 51.090 390.092 323.218—15.348
1200 74.953 299.263 250.456 58.568 389.317 317.174-13.806
1300 76.240 305.377 254.448 66.207 388.551 311.195-12.504
1400 77.360 311.145 258.293 73.992 387.792 305.273—-11.390
1500 78.336 316.606 262.001 81.909 387.032 299.405-10.426
2.4. BH, 2.6. B,H

Although BH, was identified by electron spin resonance All the values for BH are based on theoretical calcula-
(ESR spectra by Claxtoret al®® and Symont al.® there  tions reported by Adams and Pa{félhey predicted a linear
are no experimental determinations of its vibrational fre-structure(B—B—H), with C,, symmetry. The scaling factor
guencies, structure, or enthalpy of formation. That the confor their computed frequencies was 0.943. No other experi-
figuration of BH, has G, symmetry was confirmed recently mental or theoretical data are available. Table 8 lists the ideal
by Van Zeeet al®’ The theoretical calculations by Paddon- gas thermodynamic parameters for this species.

Row and Wond?® Boldyrev and Simofi® and Saxoft are in

close agreement. In the present calculations, the rotational 2.7. ByH,

constants A;H°(BH,, 298.15 K, and vibrational frequen-

cies are those of Sax8h.The ideal gas thermodynamic pa-  Ab initio calculations by Adams and PaffeCurtiss and

rameters for Bi, 298.15 K are listed in Table 6. Pople’® and Treboux and Barthel4tindicated a linear struc-
ture, D, symmetry, for the ground statéﬁ(g). The first
2.5. BHg excited stateA ;) was predicted to be 5140 crhabove the

ground state. The rotational constants were derived from the
The existence of Bkhas long been surmised, but the first structure reported by Curtiss and PopfleThe vibrational
experimental observation of this species was only reporteftequencies reported in these three studies are in close agree-
recently by Tague and Andrevi8Theoretical analyses sug- ment; those of Curtiss and Pofiéscaled by 0.94Bare used
gested that it is a complex of ,HBH; with Cs; in the present calculations\;H°(B,H,, g, 298.15 K is
symmetry’'~"3 The rotational constants are calculated fromestimated from the computed energy of dissociatiBsHg
the structure reported by Schreiner al’® The vibrational — B,H,+2H,) by Curtiss and Poplé to be 402.50
frequencies are those measured by Tague and Andrews)-mol ! On taking account of the zero-point-energy
(2544, 2475, and 1134 cm) supplemented with the calcu- differences, A;{H°(B,H,, 0 K)=397.06 kJmol ! and
lations by Schreineet al. (scaling factor=0.943.7 A¢H°(B,H,, g, 298.15 K=396.54 kdmol ! were derived.
There is no experimental determination of its enthalpy ofThe ideal gas thermodynamic parameters fgfBare listed
formation. Watts and Bartléft and Schreineet al.’? pre-  in Table 9.
dicted a low enthalpy for complexatiofi.e., H,+BHj;
— BHs) at 0 K (—3.56 and—5.86 kJmol™ !, respectively.
Using 93.05 kdmol™! for A{H°(BH3, 0 K), values for
A¢H°(BHs, 0 K) and A;H°(BHs, 298.15 K are derived, The single-bridge and the double-bridge structures of neu-
89.54 kJmol~* and 79.90 kdmol™ %, respectively. The ideal tral B,H; were investigated theoretically by Adams and
gas thermodynamic parameters for Site given in Table 7. Page’* which is the only study available. Adams and Pége

2.8. BoHs
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TasLE 10. Ideal gas thermodynamic parameters gfl B(single bridge: B—B at 1 bar

o

; cp s —[G°—H°(298.15 K]/T He—H°(298.15 K AH®  A(G®
(K) (J-K~X-mol™Y) (kJ-mol™1) l0gy0 K¢
0 0.000 0.000 o ~11.939 300.876 309.876 —oo
100 34.773 190.487 276.372 -8.588 308.681 304.803 —150.210
200 43.312 217.041 240.582 ~4.708 307.854 301.237 —78.674
298.15 52.528 236.071 236.071 0.000 306.687 298.225-52.247
300 52.693 236.397 236.072 0.097 306.663 298.172—51.916
400 60.677 252.693 238.240 5.781 305.262 295.550—38.594
500 66.980 266.936 242.584 12.176 303.810 293.289—30.639
600 72.115 279.616 247.719 19.138 302.417 291.318-25.361
700 76.478 291.068 253.106 26.573 301.135 289.571-21.608
800 80.258 301.533 258.515 34.415 299.981 287.999—18.804
900 83.548 311.181 263.838 42.609 298.952 286.566—16.632
1000 86.403 320.135 269.025 51.110 298.021 285.238—14.899
1100 88.872 328.488 274.055 59.876 297.169 284.002—13.486
1200 91.005 336.315 278.921 68.873 296.373 282.841-12.312
1300 92.846 343.674 283.622 78.068 295.602 281.747-11.321
1400 94.436 350.614 288.161 87.434 294.842 280.710-10.473
1500 95.813 357.178 292.546 96.948 294.076 279.726 —9.741
concluded that both structures have, Gymmetry. We 2.9. BoHy

adopted the rotational constants, vibrational frequencies, and _ ) ) )

A{H° they reported” For the vibrational frequencies, 0.943 1€ isomers of BH, have either a single-bridg@-B) or

is the scaling factor. The ideal gas thermodynamic param@ double-bridgéB—H-B; B-H-B. For neutral BH,, there
eters for the Sing'e_bridgezﬂ3and doub|e_bridge B—ls are are as yet no eXperImental Spectra or structure determina-
listed in Tables 10 and 11, respectively. tions. Severalab initio studies suggested that the single-

TaBLE 11. Ideal gas thermodynamic parameters gfiB(double bridges: B—-B anB-H-B) at 1 bar

o

; ce s° —[G°—H°(298.15 K]/T He — H°(298.15 K AfH®  AG®
(K) (J-K™X-mol™Y) (kJ-mol™1) l0g0 Ks
0 0.000 0.000 o0 —-11.912 319.108 319.108 —
100 34.728 187.816 273.411 —8.559 317.915 314.304 -—-164.172
200 43.148 214.221 237.729 —-4.701 317.066 311.012 —81.227
298.15 52.479 233.223 233.223 0.000 315.892 308.279-54.008
300 52.642 233.548 233.224 0.097 315.868 308.232—-53.667
400 60.629 249.825 235.389 5.775 314.460 305.895—-39.945
500 67.137 264.077 239.730 12.174 313.013 303.921-31.750
600 72.538 276.810 244.868 19.165 311.649 302.233-26.311
700 77.107 288.344 250.267 26.654 310.420 300.764—22.443
800 81.009 298.902 255.696 34.564 309.335 299.459-19.552
900 84.348 308.641 261.045 42.837 308.385 298.284-17.312
1000 87.205 317.680 266.262 51.418 307.534 297.206—15.524
1100 89.649 326.109 271.323 60.264 306.762 296.211—-14.066
1200 91.740 334.001 276.221 69.336 306.041 295.286—12.853
1300 93.533 341.417 280.954 78.602 305.341 294.420—-11.830
1400 95.073 348.406 285.525 88.034 304.647 293.605—10.954
1500 96.401 355.012 289.939 97.610 303.943 292.841-10.197
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TaBLE 12. Ideal gas thermodynamic parameters gfiB(single bridge: B—B at 1 bar

o

- Cp s° —[G°—H°(298.15 K]/T H°—-H°(298.15 K A¢H® A G®°
(K) (J-K~X-mol™Y) (kJ-mol™1) l0gho Ky
0 0.000 0.000 o0 —12.341 217.985 217985 —o
100 34.638 188.819 278.765 —8.995 215.285 216.610 —113.144
200 45.367 215.820 241.004 —5.037 213.189 218.757 —57.133
298.15 57.124 236.154 236.154 0.000 210.964 221.958-38.885
300 57.335 236.508 236.155 0.106 210.922 222.026-—38.658
400 67.733 254.473 238.534 6.376 208.653 226.072—29.521
500 76.276 270.536 243.356 13.590 206.560 230.673—24.098
600 83.423 285.092 249.118 21.585 204.734 235.673—20.517
700 89.559 298.424 255.222 30.241 203.205 240.955-17.980
800 94.880 310.738 261.402 39.469 201.961 246.434—16.090
900 99.493 322.187 267.527 49.194 200.975 252.057-14.629
1000 103.477 332.881 273.534 59.347 200.195 257.774—13.465
1100 106.906 342.908 279.389 69.870 199.580 263.563—12.515
1200 109.854 352.340 285.079 80.712 199.090 269.403-11.727
1300 112.388 361.235 290.599 91.827 198.679 275.281-11.061
1400 114.570 369.646 295.947 103.178 198.322 281.188-10.491
1500 116.453 377.616 301.129 114.732 197.991 287.118 —9.998

bridge (D,y and the double-bridgegC,,) are the most for A;H°(double-bridge BH,, 0 K). The vibrational fre-
stable’’ 8 These calculations indicate that the two isomersquencies are also taken from Curtiss and Pped scaled
differ only by 0.42 kdmol™*, with the single-bridge higher. py 0.943. Tables 12 and 13 give the ideal gas thermody-

AH®(double-bridge BH,, 0 K) was determined experimen- namic parameters for the single-bridgeH3 and double-
tally to be 217.57 kdnol™* by Ruscicet al,** which we  pyiqge BH,, respectively.

accepted, although Dikt al’”® and Curtiss and Popléfa-
vored slightly higher value§242.67 and 231.79 kol %)

TaBLE 13. deal gas thermodynamic parameters gfi B({doubleB—H-B bridges at 1 bar

o

- Cp S° —[G°—H"°(298.15 K|/T H°—H°(298.15 K A¢H° A;G®
(K) (J-K™X-mol™Y) (kJ-mol™1) l0g0 Ks
0 0.000 0.000 o0 —-11.529 217.567 217.566 —x
100 33.721 184.395 266.373 —8.198 214.852 216.620 —113.148
200 40.903 209.544 232.186 —4.528 212.467 219.291 —-57.272
298.15 51.517 227.825 227.825 0.000 209.734 223.211-39.105
300 51.721 228.144 227.826 0.095 209.681 223.295—-38.878
400 62.392 244.505 229.984 5.808 206.856 228.262—29.807
500 71.939 259.477 234.406 12.536 204.275 233.918-24.437
600 80.214 273.343 239.754 20.154 202.073 240.061—-20.899
700 87.303 286.255 245.485 28.539 200.273 246.541—-18.397
800 93.339 298.318 251.344 37.579 198.841 253.251-16.535
900 98.459 309.615 257.197 47.176 197.728 260.124—-15.097
1000 102.792 320.220 262.975 57.245 196.862 267.103—13.952
1100 106.461 330.194 268.637 67.712 196.192 274.161-13.019
1200 109.572 339.594 274.162 78.518 195.666 281.274—12.243
1300 112.218 348.472 279.540 89.611 195.233 288.428—11.589
1400 114.477 356.873 284.766 100.949 194.863 295.611-11.029
1500 116.412 364.839 289.841 112.496 194.526 302.819-10.545
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TaBLE 14. Ideal gas thermodynamic parameters gfi(single B—H—B bridge at 1 bar

o

; Cr s ~[G°—H°(298.15 K]/T H° —H°(298.15 K AH®  AG®
(K) (J-K~X-mol™Y) (kJ-mol™1) l0gho Ky
0 0.000 0.000 % ~12.234 266.100 266.100 —o
100 34.298 196.811 285.740 -8.893 261.896 267.458 —139.703
200 44341 223.195 248.340 ~5.029 258.359 274.393 —71.663
298.15 58.273 243.468 243.468 0.000 254,739 283.033-49.585
300 58.536 243.829 243.469 0.108 254.672 283.209-49.310
400 71.942 262.549 245.931 6.647 251.220 293.252-38.294
500 83.386 279.867 251.008 14.430 248.233 304.115-31.770
600 93.100 295.952 257.174 23.267 245786 315.531—27.469
700 101.420 310.945 263.797 33.003 243.868 327.315-24.424
800 108.569 324.966 270.576 43512 242.428 339.338-22.156
900 114.703 338.117 277.358 54.683 241.402 351.519-20.401
1000 119.954 350.482 284.058 66.423 240.706 363.792—19.002
1100 124.442 362.130 290.631 78.649 240274 376.123-17.860
1200 128.278 373.127 297.052 91.290 240.044 388.486-16.910
1300 131.561 383.528 303.308 104.286 239.954 400.863-16.107
1400 134.379 393.383 309.393 117.586 239.964 413.241-15.418
1500 136.805 402.739 315.307 131.149 240.038 425.615-14.821
2.10. BoHs of the B—H bond breaking energy inBs (i.e., the reaction

There are two possible isomers ofHB;, with one or two

(B—H-B) bridges. No experimental data are available for
It has been suggested bwyb

neutral

BHs.

initio

calculationg?® that the single-bridge(C,,) is the more

stable form while the double-bridge {Cstructure is higher

B,Hg— B,Hs+H) to be 429.70 kdmol~L. This value is con-
sistent with those of Curtiss and Pofflend Trachtmaret
al.8 A¢H°(single-bridge BHs, 0 K) was thus estimated to
be 266.10 kdnol % A;H°(double-bridge BHs, 0 K)
=287.02 kdmol~!. The vibrational frequencies computed

by 20.92 kdmol~ . Ruscicet al® determined an upper limit by Trachtmanet al®® were scaled by 0.943. The ideal gas

TaBLE 15. Ideal gas thermodynamic parameters gfl8(doubleB—H—-B bridges at 1 bar

o

- Cp S° —[G°—H"°(298.15 K/T] H°—H*°(298.15) AfH® A;G®
(K) (J-Kt.mol™ (kJ-mol™1) l0g0 Ks
0 0.000 0.000 oo —11.667 287.020 287.020 —x
100 34.259 201.472 284.704 —8.323 282.818 287.914-150.388
200 41.176 226.974 250.001 —4.605 279.135 294.414 —-76.892
298.15 53.161 245.549 245.549 0.000 275.091 302.76553.042
300 53.406 245.879 245.550 0.099 275.015 302.93%#52.745
400 66.468 263.049 247.803 6.098 271.024 312.856-40.854
500 78.353 279.184 252.481 13.351 267.507 323.73133.819
600 88.815 294.415 258.213 21.721 264.593 335.26629.187
700 97.918 308.807 264.423 31.069 262.286 347.22925.910
800 105.761 322.407 270.829 41.263 260.531 359.48823.472
900 112.466 335.262 277.280 52.183 259.254 371.94%121.587
1000 118.168 347.414 283.692 63.723 258.358 384.51120.084
1100 123.007 358.910 290.012 75.788 257.766 397.15718.859
1200 127.116 369.794 296.211 88.300 257.406 409.84817.840
1300 130.611 380.111 302.272 101.191 257.211 422.56216.978
1400 133.594 389.902 308.184 114.405 257.135 435.28616.240
1500 136.149 399.208 313.945 127.895 257.138 448.01615.601
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TaBLE 16. Ideal gas thermodynamic parameters gfifat 1 bar

o

- Cp s° —[G°—H°(298.15 K]/T H°—-H°(298.15 K A¢H® A G®
(K) (J-K~t.mol™} (kJ-mol™1) l0gho Ky
0 0.000 0.000 00 —11.933 52.297 52.297 —x
100 34.462 186.824 272.677 —8.585 46.600 58.197 —30.399
200 42.210 212.647 236.732 —4.817 41.621 71.706 —18.727
298.15 56.654 232.050 232.050 0.000 36.401  87.58115.344
300 56.956 232.402 232.051 0.105 36.305  87.90015.304
400 73.122 251.019 234.480 6.615 31.372 105.85913.823
500 87.841 268.951 239.593 14.679 27.204 124.97813.056
600 100.703 286.131 245.929 24.121 23.898 144.85912.611
700 111.798 302.509 252.851 34.760 21.413 165.22712.329
800 121.285 318.074 260.040 46.427 19.655 185.89812.138
900 129.342 332.837 267.315 58.970 18.513 206.75512.000
1000 136.159 346.828 274.573 72.254 17.860 227.768.1.894
1100 141.919 360.083 281.750 86.166 17.595 248.76811.810
1200 146.792 372.646 288.806 100.609 17.627 269.7201.740
1300 150.925 384.564 295.717 115.500 17.872 290.7211.681
1400 154.444 395.881 302.471 130.773 18.273 311.694.1.629
1500 157.452 406.641 309.060 146.372 18.779 332.6371.583

thermodynamic parameters for the single-bridgg#iand ~ adopted; it is in agreement with that of Stanten alt
double-bridge BHs are listed in Tables 14 and 15, respec-A¢H(Cy-BsH7, g, 298.15 K is calculated to be 146.44
tively. kJ-mol~ 1. The computed frequencies of Stantetral ! are
scaled by 0.943 for the present calculations. Tables 17 and
2.11. B,Hg 18 give the ideal gas thermodynamic parameters foB£H-,
and G,-BsH-, respectively.
The structurf®=* and vibrational frequenci&s®® of
B,Hg have been investigated extensively. It hgg 8ymme-
try. Duncan and co-worket$ ®!presented a comprehensive
analysis and literature review of its structure and vibrational 2.13. B3Hy
frelql:_enC|e_sr.hThe|rblr_ef]ul(tjs w:are a;jd?p:ﬁdBfolj the %rge;eln; cal- Ab initio calculationd115119-12%¢ B H, indicate that its
CKU atons. ; € F;g AZ ? Xf;gsm fl,l 1(12,%2&%;1_10% C,, structure is the most stable. The rotational constants used
) rarlgg :;ngO k'm l,cl) ¢ ' A H°OB H 298.15 € in this study are derived from the calculated structure pro-
acr]c;er;]) € deri dof oAr Hfo B(HZ & g'o P 20 posed by Stantort al'?* The vibrational frequencies are
whieh was -derived Tromar (6% e 9 0 K=52 those of Dukeet al.;*** a scaling factor of 0.943 was used.
kJ-mol™*, suggested by Ruscet al°< This value is in close McKee™® derived a value of 138.91 kdol 2 for AH°
agreement with those determined by Gun{85.98 : ' ;
k?'mol‘l) 107 recommended by Gurvicth al nE% 82 (BsHq, 0, 298.15 K, which we accepted. The ideal gas ther-
kJ-moI‘l)’z and Wagmanet al (35.56 kJmoI‘i) 63 'I:he modynamic parameters forsBg are listed in Table 19.

ideal gas thermodynamic parameters fgHB are listed in
Table 16.

2.14. B4H,
2.12. B3H
8 Early ab initio calculations indicated that thE; configu-

B,H, may exist in two stable configurations with, &d  ration was the most stabt®~1?°However, a later analysis
C,, symmetries? Experimental spectra, structures, and en-by Machet al'*° showed that a structure with;Gymmetry
thalpies of formation are not available, but there are numerlocates a global minimum that is approximately 25.1
ous theoretical proposals for their structures and relativé&J-mol~! lower than that ofT4. The rotational constants
stability 19°-120 Apparently, the G structure, with double- were derived from the structure of Maeh al.**° The vibra-
bridge hydrogens, locates a global minimum. The secondional frequencies(scaled by 0.948 were computed by
lowest-energy structure, with ,¢ symmetry, is 17.99 Carpenter?* who also concluded thatMas the lower en-
kJ-mol™! higher. McKeé!® reported a value of 128.45 ergy. The ideal gas thermodynamic parameters i, Bare
kJ-mol™! for A{H°(Cg<BsH, g, 298.15 K, which we listed in Table 20.
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TaBLE 17. Ideal gas thermodynamic parameters gflBC,) at 1 bar

o

; cr s ~[G°—H°(298.15 KJ/T H° —H°(298.15 K AH®  AG®
(K) (J-Kt-mol™ (kJ-mol™1) l0g0 Ks
0 0.000 0.000 % ~14.085 147.640 147.640 —o
100 36.431 212.970 319.912 ~10.694 140.463 154.512—80.708
200 52.815 242538 274,217 ~6.336 134.393  170.925 —44.640
298.15 76.709 267.994 267.994 0.000 128.449 190.1333.310
300 77.169 268.470 267.995 0.142 128.343 190.51633.171
400 100.457 293.942 271.311 9.053 122.993 212.07127.693
500 119.923 318.521 278.314 20.103 118.620 234.8664.536
600 135.967 341.849 286.977 32.923 115.245 258.4492.500
700 149.326 363.842 296.403 47.208 112.782 282.52£1.082
800 160.534 384,535 306.139 62.717 111107 306.89£0.038
900 169.965 404.004 315.942 79.255 110.093 331.4379.236
1000 177.915 422335 325.674 96.660 109.595 356.0548.598
1100 184.625 439,615 335.255 114.797 109.505 380.7448.078
1200 190.305 455.930 344,638 133.551 109.722 405.3617.645
1300 195.127 471.358 353.797 152.829 110151 429.9847.277
1400 199.237 485.973 362.721 172.553 110.731 454.5616.960
1500 202.757 499.842 371.404 192.657 111.405 479.1026.684
2.15. B4Hqq ments of Dahl and Tayldt’ along with two calculated vi-

brational frequencies by McK&¥ (779 and 525 cm') were
try by x-ray diffraction*? electron diffraction;**=*3>and mi- used. :lt;mg’ﬁgth%lpy f_Of dfobrmst}o: . wlasl t_e stg?? ted
crowave spectroscogy*1% The published geometric pa- €MPIMca and conhirmed byb nitio calcuiations.

rameters are in good agreement; the rotational constants at&€ SPread in the published values &fH® (B4Hio 9,
those of Dainet al'3 Its infrared and Raman spectra were 298.15 K covers the range from 57.74 to 72.38
also investigated®”*® The experimental frequency assign-

The structure of BH;qwas confirmed to have £ symme-
132

TaBLE 18. Ideal gas thermodynamic parameters gfiBC,,) at 1 bar

o

; ce s° —[G°—H°(298.15 K)J/T H® — H°(298.15 K AH®  AG®

(K) (J-Kt-mol™ (kJ-mol™1) l0g0 K¢
0 0.000 0.000 o0 —14.821 164.896 164.896 —x

100 36.972 207.408 321.641 —11.423 157.725 172.331-90.015
200 57.119 238.578 272.632 —-6.811 151.909 189.233 —49.422
298.15 81.622 265.958 265.958 0.000 146.440 208.73B6.568
300 82.071 266.465 265.960 0.151 146.343 209.11836.410
400 104.337 293.223 269.457 9.506 141.438 230.86430.139
500 122.591 318.534 276.768 20.883 137.391 253.63(26.496
600 137.665 342.259 285.728 33.919 134.232 277.1924.131
700 150.344 364.459 295.407 48.337 131.902 301.2322.476
800 161.102 385.257 305.352 63.924 130.305 325.5321.254
900 170.245 404.774 315.326 80.503 129.332 349.9820.312
1000 178.012 423.124 325.198 97.927 128.853 374.5289.563
1100 184.610 440.409 334.893 116.067 128.766 399.1608.951
1200 190.220 456.719 344.372 134.816 128.978 423.6+18.442
1300 195.002 472.138 353.613 154.083 129.396 448.2138.009
1400 199.090 486.743 362.605 173.793 129.962 472.7207.637
1500 202.598 500.602 371.347 193.882 130.621 497.1797.313
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TaBLE 19. Ideal gas thermodynamic parameters gfifat 1 bar

o

. cp s —[G®—H°(298.15 K)J/T Ho—H°(298.15K  AH° A;G®
(K) (J-K~L.mol™) (kJ-mol™1) 10g0 K¢
0 0.000 0.000 —16.763 163.889 163.889 —x
100 43.570 210.550 341.998 —13.145 153.940 178.305—-93.135
200 65.835 247.277 285.875 —7.720 146.243 205.710 —53.725
298.15 91.697 278.337 278.337 0.000 138.909 236.4711.428
300 92.187 278.905 278.339 0.170 138.777 237.07811.278
400 117.368 308.945 282.264 10.672 132.114 270.8#85.372
500 139.343 337.555 290.486 23.535 126.629 306.2261.991
600 158.322 364.680 300.612 38.441 122.412 342.5649.822
700 174.703 390.347 311.614 55.113 119.398 379.51P8.319
800 188.778 414.618 322.987 73.305 117.453 416.8127.215
900 200.803 437.566 334.455 92.800 116.422 454.36%6.367
1000 211.033 459.267 345.861 113.405 116.120 491.8625.692
1100 219.721 479.799 357.113 134.955 116.404 529.4325.140
1200 227.102 499.242 368.154 157.306 117.140 566.9524.678
1300 233.384 517.675 378.953 180.339 118.203 604.3924.285
1400 238.749 535.172 389.492 203.952 119.508 641.7523.944
1500 243.347 551.805 399.763 228.063 120.981 679.0023.645

kJ-mol~1,63110.139.144p/e adopted 66.11 kihol ™%, suggested D5 isomer*2 The rotational constants were calculated from
by Wagmaret al®® The ideal gas thermodynamic parametersthe structure of Sheat al'** A;H® (B,4H;,, 0 K) was deter-

for B4Hy are listed in Table 21. mined to be 222.16 kinhol~* from the theoretical dimeriza-
tion energy(i.e., for the reaction 2B15=B,H,) reported by
2.16. B4Hy Shenet al!*! The vibrational frequencies also were selected

from Shenet al. with a scaling factor of 0.943. Table 22

Th ical i€$>* indi hat th . : .
eoretical studies indicated that the & structure gives the ideal gas thermodynamic parameters G,

was the most stable; it is about 46.0 fabl~* lower than the

TaBLE 20. Ideal gas thermodynamic parameters gfiBat 1 bar

o

. Co s° —[G°—H°(298.15 K)|/T H°—H°(298.15 K A¢H® A¢G®
(K) (I-K L-mol™Y (kJ-mol™ 1) logyo Ky
0 0.000 0.000 ® -14.928 333.046 333.046 —
100 38.280 218.610 333.313 —11.470 330.410 328.817 —171.754
200 57.465 250.309 284.246 —-6.787 328.373 328.011 —85.666
298.15 80.384 277.614 277.614 0.000 326.184 328.296-57.515
300 80.779 278.113 277.616 0.149 326.143 328.309-57.163
400 99.313 304.021 281.022 9.199 323.929 329.364-43.010
500 113.086 327.735 288.030 19.852 321.812 330.970-34.576
600 123.641 349.325 296.475 31.710 319.888  332.988-28.989
700 132.067 369.039 305.453 44510 318.192 335.309-25.021
800 138.976 387.140 314.549 58.073 316.717 337.856-22.059
900 144.723 403.851 323.555 72.267 315.439  340.580-19.766
1000 149.542 419.356 332.369 86.987 314.299 343.43117.939
1100 153.601 433.804 340.941 102.150 313.264 346.396-16.449
1200 157.035 447.321 349.249 117.686 312.292 349.453-15.211
1300 159.952 460.008 357.286 133.539 311.336 352.592-14.167
1400 162.441 471.956 365.054 149.662 310.370 355.80113.275
1500 164.575 483.238 372.560 166.016 309.372 359.086-12.504
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TaBLE 21. Ideal gas thermodynamic parameters gfig at 1 bar

o

. cr s —[G®—H°(298.15 K)|/T H°—H°(298.15 K AfH® AG®
(K) (J-K~-mol™Y) (kJ-mol™ 1) l0g0 Ky
0 0.000 0.000 % ~15.488 97.810 97.810 —%
100 37.691 219.203 339.717 ~12.051 86.156  114.722—59.924
200 58.674 250.627 287.628 ~7.400 76.005  147.227 —38.451
298.15 93.172 280.272 280.272 0.000 66.107  184.3%32.290
300 93.859 280.850 280.274 0.173 65931  185.04832.219
400 129.516 312.826 284.392 11.374 57150  226.1229.528
500 160.227 345.127 293.315 25.906 50.143  269.21(28.124
600 185.804 376.673 304.594 43.247 44915  313.5487.296
700 207.049 406.960 317.071 62.923 41281  358.6286.761
800 224.715 435.797 330.125 84.538 38.999  404.1286.386
900 239.417 463.140 343.399 107.767 37.834  449.8526.108
1000 251.672 489.019 356.679 132.340 37535  495.6525.890
1100 261.914 513.500 369.833 158.034 37.014  541.45@5.711
1200 270.504 536.669 382.779 184.668 38.806  587.1925.559
1300 277.742 558.615 395.469 212.090 40.055  632.84@5.428
1400 283.872 579.428 407.872 240.179 41564  678.3925.311
1500 289.091 599.196 419.973 268.834 43243 723.82@5.205
2.17. BsHg quencies were measured by Kalasin&®dand supplemented

ith fi initi | | McK 1 732
BsHg has G, symmetry, determined experimentaiiray with five ab initio scaled values by McKe® (1358, 732,
143

— . . 0
diffraction1®® electron diffractioni**1%5 and microwave o-o! %079’ and 1684 cf). The scaling factor is 09&
spectroscopy®’ and  supported by ab initio A¢H°(BsHg, g, 298.015 K was determlnle;cf experimentally
calculations*14§ The rotational constants were derived PY Gunn and Greerl” and Proseret al. TPI? JANAF
from the data compiled by Beaudéf The vibrational fre- tables accepted an average vali8.22 kJmol™ ), which

TaBLE 22. Ideal gas thermodynamic parameters gfiB at 1 bar

o

; ce s° —[G°—H°(298.15 K)J/T He—H°(298.15 K AfH® AG®
(K) (J-K~t-mol™Y) (kJ-mol™1) logso Ks
0 0.000 0.000 o0 —21.752 222.164 222.164 —
100 52.672 224.869 403.368 —17.850 207.977 246.049-128.521
200 90.147 272.762 326.394 —10.726 197.604 288.282 —75.290
298.15 128.249 315.891 315.891 0.000 188.259 334.80758.656
300 128.947 316.686 315.893 0.238 188.095 335.71858.453
400 164.130 358.726 321.387 14.936 179.904 386.20350.432
500 194.016 398.655 332.885 32.885 173.392 438.56345.816
600 219.347 436.329 347.017 53.587 168.596 492.07842.838
700 240.955 471.808 362.336 76.631 165.391 546.26740.762
800 259.405 505.220 378.129 101.673 163.584 600.81339.228
900 275.124 536.706 394.017 128.421 162.963 655.51938.045
1000 288.484 566.404 409.785 156.619 163.286 710.23437.098
1100 299.832 594.446 425.309 186.050 164.363 764.88236.321
1200 309.476 620.960 440.519 216.529 166.022 819.40735.667
1300 317.691 646.064 455.374 247.898 168.097 873.77835.108
1400 324.711 669.871 469.852 280.027 170.482 927.97534.623
1500 330.733 692.485 483.947 312.807 173.078 981.99134.195
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TaBLE 23. Ideal gas thermodynamic parameters gfifat 1 bar

o

. cr s —[G°—H°(298.15 K)}/T H° —H°(298.15 K AgHe AG®
(K) (J-K~t.mol™ (kJ-mol™1) 10g0 Ky
0 0.000 0.000 —16.056 101336 101336 —=
100 37.366 217.140 343.421 ~12.628 91.148  114.915-60.024
200 61.695 249.018 288.477 ~7.892 82.096  142.182—37.134
298.15 99.589 280.617 280.617 0.000 73220  173.58B0.410
300 100.307 281.236 280.619 0.185 73.061  174.26%80.331
400 136.791 315.213 285.005 12.083 65.068  209.1527.313
500 167.645 349.157 294.452 27.352 58.528  245.96@5.696
600 193.144 382.052 306.329 45.433 53.524  283.95£4.720
700 214.111 413.452 319.409 65.830 49.925  322.6624.077
800 231.345 443.205 333.041 88.131 47522 361.7923.623
900 245534 471.300 346.858 111.998 46101  401.1823.284
1000 257.251 497.795 360.640 137.156 45426  440.6723.018
1100 266.970 522.784 374.255 163.382 45326  480.2082.803
1200 275.074 546.372 387.625 190.496 45649  519.7322.623
1300 281.869 568.665 400.701 218.353 46.252  550.2202.469
1400 287.601 589.769 413.459 246.834 47.045  598.6522.336
1500 292.468 609.782 425.886 275.844 47.949  638.0222.217
accords with that of Wagmaet al®® McKee''° reported a 2.18. BgHy;

theoretical value of 64.02 kihol 1. Here we adopted the ) o

value recommended in the JANAF tableThe ideal gas  The structure of BH,; was determined initially to have,C
thermodynamic parameters foe, are given in Table 23. Symmetry by x-raj?****and electron diffractiolf® and sup-
The maximum differences on the values@f, andS° be-  ported by early theoretical calculatioh®:*>> However, re-

tween Table 23 and those of the JANAF tablege 1.4 and cent electrofr® and x-ray diffraction®’ determinations and
12.0 JK 1. mol™?, respectively.

TaBLE 24. |deal gas thermodynamic parameters gifiB at 1 bar

o

; cp s° —[G°—H°(298.15 K)J/IT He — H°(298.15 K AfH® AG®
(K) (J-K~X-mol™Y) (kJ-mol ™} l0go Kt
0 0.000 0.000 00 —20.776 135.207 135.207 — oo
100 46.877 235.147 405.750 —17.060 122.309 154.348—-80.622
200 85.282 278.480 331.426 —10.589 112.297 190.374—-49.720
298.15 130.312 320.958 320.958 0.000 103.345 230.6440.407
300 131.131 321.766 320.960 0.242 103.190 231.4320.295
400 171.525 365.212 326.610 15.441 95.591 275.3635.959
500 204.234 407.132 338.556 34.288 89.706 321.0283.537
600 230.770 446.794 353.324 56.082 85.487 367.71282.012
700 252.604 484.060 369.367 80.285 82.756 414.9980.967
800 270.722 519.011 385.912 106.480 81.293 462.5680.202
900 285.815 551.796 402.541 134.329 80.881 510.2629.614
1000 298.419 582.581 419.022 163.560 81.274 557.9529.144
1100 308.974 611.534 435.220 193.945 82.295 605.5738.756
1200 317.845 638.809 451.060 225.298 83.780 653.0838.428
1300 325.332 664.554 466.502 257.468 85.574 700.4608.144
1400 331.683 688.903 481.526 290.327 87.581 747.6887.896
1500 337.097 711.976 496.127 323.773 89.713 794.7627.676
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TaBLE 25. Ideal gas thermodynamic parameters gfi at 1 bar

o

. cp s —[G®—H°(298.15 K)]/T H° —H°(298.18 K AfH® AG®
(K) (J-K~t-mol™Y) (kJ-mol™ 1) l0go Kt
0 0.000 0.000 o0 —18.628 125.549 125.549 — o
100 37.696 221.711 373.954 —15.224 113.814 142.191-74.272
200 75.030 257.381 306.706 —9.865 103.705 174.544—-45.585
298.15 125.739 296.836 296.836 0.000 94.558 211.3087.019
300 126.653 297.617 296.839 0.233 94.401 212.0336.917
400 171.231 340.392 302.369 15.209 86.669 252.4532.966
500 206.570 382.552 314.215 34.169 80.627 294.6260.779
600 234.639 422.790 328.988 56.281 76.209 337.8629.414
700 257.233 460.718 345.125 80.915 73.222 381.7328.485
800 275.602 496.307 361.823 107.588 71.432 425.94Q7.811
900 290.643 529.666 378.639 135.924 70.613 470.3187.296
1000 303.030 560.950 395.322 165.628 70.518 514.7326.886
1100 313.291 590.328 411.729 196.460 70.975 559.1386.551
1200 321.839 617.966 427.775 228.229 71.826 603.4826.268
1300 329.005 644.018 443.417 260.782 72.922 647.7486.026
1400 335.050 668.627 458.633 293.993 74.173 691.9205.815
1500 340.180 691.923 473.416 327.761 75.498 735.9925.629

high-level ab initio calculation$'®**®~*®indicated that the 101.67 kdmolL. The evaluation of Wagmaet al%® (103.35
C, isomer is more stable than its, Counterpart by about 4.2 kJ.mol™%) was accepted in the present calculations. Table 24

kJ-mol™* or less™****The rotational constants were derived gives the ideal gas thermodynamic parameters ft,B
from the data compiled by Beaudét which are in good

agreement with a recent experimental determination by Brain

et al’®® The vibrational frequencies are those calculated by 2.19. BgHyg

McKeel!? they were scaled by a factor of 0.90. The pub-

lished values foA;H° (BsH;1, g, 298.15 K are in the range The crystal structure of 8, determined by x-ray
from 101.67 to 116.73 kinol 1.63110.139.140.16L16A mang  diffraction®® allocated G symmetry to this species, but so-
them, ab initio calculations by McKe¥® gave a value of Iution nuclear magnetic resonanéMR) spectra®*-1%7in-

TaBLE 26. Ideal gas thermodynamic parameters gifiB at 1 bar

o

. Co s° —[G°—H°(298.15 K)|/T H°—H°(298.15 K A¢H® A¢G®
(K) (I K L. mol™Y (kJ-mol™1) log,o Ky
0 0.000 0.000 w ~22.156 185.635 185.635 — o
100 42.250 246.283 432.723 —18.644 170.961 207.015-108.132
200 92.007 288.755 349.920 —~12.233 158.544 247.958 —64.759
298.15 157.032 337.652 337.652 0.000 147.277 294.29551.558
300 158.209 338.627 337.655 0.292 147.082 295.20851.399
400 215.453 392.292 344.584 19.083 137.534 346.07645.192
500 260.231 445.389 359.466 42.962 130.027 399.11941.695
600 295.276 496.058 378.048 70.806 124.449 453.49639.480
700 323.247 543.753 398.350 101.782 120.557 508.66737.957
800 345.951 588.450 419.349 135.280 118.073 564.29236.844
900 364.591 630.308 440.489 170.837 116.738 620.16735.993
1000 380.019 669.545 461.453 208.092 116.265 676.12735.317
1100 392.871 706.386 482.063 246.755 116.454 732.1094.764
1200 403.642 741.046 502.215 286.597 117.123 788.05634.303
1300 412.721 773.723 521.855 327.428 118.092 843.93633.909
1400 420.417 804.598 540.959 369.095 119.256 899.72733.569
1500 426.979 833.833 559.518 411.473 120.514 955.43083.270
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TaBLE 27. Ideal gas thermodynamic parameters gifiB at 1 bar

°

T Cp s° —[G°—H"°(298.15K]/T H°—H°(298.15 K AfH® A;G®
(K) (J-K~t.mol™} (kJ-mol™1) l0gho Ky
0 0.000 0.000 0 —26.068 206.768 206.768 —x
100 49.467 255.494 478.725 —22.323 187.805 238.078 —124.357
200 110.660 306.422 379.555 —14.627 172.299 294.487 —76.911
298.15 187.019 364.906 364.906 0.000 158.408 357.48362.628
300 188.399 366.067 364.909 0.347 158.169  358.7206-62.458
400 255.626 429.831 373.147 22.674 146.433 427.407#55.813
500 308.549 492.798 390.818 50.990 137.248 498.761+52.104
600 350.366 552.892 412.869 84.014 130.476 571.74249.774
700 384.106 609.524 436.959 120.795 125.827 645.68248.181
800 411.765 662.679 461.887 160.633 122.970  720.15847.021
900 434.659 712.541 486.997 202.990 121.593 794.91646.135
1000 453.728 759.354 511.917 247.438 121.344 869.73545.430
1100 469.689 803.370 536.432 293.632 121.975  944.55644.852
1200 483.113 844.831 560.421 341.291 123.258 1019.28244.367
1300 494.458 883.961 583.818 390.185 124.966 1093.89243.952
1400 504.096 920.966 606.591 440.126 126.967 1168.35143.591
1500 512.327 956.034 628.728 490.958 129.133 1242.65843.272

dicated G, symmetry. Microwave spectt®¥ and ab initio  kJ-mol™, as recommended by Wagman al®® The ideal
calculation$!®® favor C,. The higher symmetry that is gas thermodynamic parameters fojHB, are given in Table
consistent with the NMR spectra may be due to hydroger?5. 2.20. B.H

migration!*® The rotational constants were calculated 8z
from the structural data compiled by Beaut®tThe vibra- The x-ray diffraction dat¥® indicated that the structure of
tional frequencies are those calculated by McKBe BgH;, has G symmetry, which is supported bgb initio
and were scaled by 0.90. Literature citations fisyH°  calculations:’®1’® However, the NMR specttd 1’2 favor
(BgH1» 9, 298.15 K are in the range 82.01-94.56 C,,symmetry. In this case also, the higher symmetry is most
kJ-mo|~1.63110.139.140150\n/6 - adopted a value of 94.56 likely due to rapid bridge-hydrogen tautomerism. The rota-

TaBLE 28. ldeal gas thermodynamic parameters gfB, at 1 bar

o

T Cp S° —[G°—H°(298.15K]/T H°—H°(298.15 K A¢H° A G®
(K) (J-K tmol™ (kJ-mol™1) 10G10 K¢
0 0.000 0.000 00 —24.709 93.979 93.979 —
100 43.093 248.287 460.012 —-21.173 76.283 122.271 —63.867
200 103.884 293.868 365.120 —14.251 61.017 174.258 —45.511
298.15 186.093 350.742 350.742 0.000 47.279 232.83510.791
300 187.572 351.898 350.746 0.346 47.044 233.98840.740
400 258.795 416.033 359.007 22.810 35.536 298.10438.928
500 313.617 479.941 376.836 51.552 26.507 364.83638.114
600 356.112 541.032 399.158 85.124 19.766 433.17737.711
700 389.879 598.557 423.579 122.485 15.011 502.48(7.495
800 417.247 652.467 448.857 162.887 11.913 572.34437.370
900 439.714 702.951 474.316 205.772 10.169 642.5237.290
1000 458.319 750.272 499.570 250.702 9.441 712.82137.233
1100 473.828 794.704 524.402 297.332 9.499 783.16137.189
1200 486.834 836.507 548.687 345.384 10.124 853.477.150
1300 497.803 875.920 572.357 394.631 11.105 923.7267.115
1400 507.107 913.160 595.382 444.889 12.315 993.88387.082
1500 515.043 948.425 617.753 496.007 13.637 1063.94B7.049
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B,H, o+ H, at 0.03 bar (A) B4H, o+H, at 0.5 bar (A)
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Fic. 2. (A) Computed equilibrium mole fractions for 13 speciegcluding
the formation of species in condensed phaseisa sample represented by
the B/H ratio = 0.030, equivalent to a mixture of 98.4%, tand 1.6%
B,H.q, at an initial pressure of 0.50 baB) Computed equilibrium mole
fractions for 12 speciegexcluding the formation of species in condensed
phases for a sample represented by the B/H rati@030, equivalent to a
mixture of 98.4% H and 1.6% BH,,, at an initial pressure of 0.50 bar.

Fic. 1. (A) Computed equilibrium mole fractions for 13 speciezcluding
the formation of species in condensed phasesa sample represented by
the B/H ratio = 0.030, equivalent to a mixture of 98.4%,tnd 1.6%
B,4H;, at an initial pressure of 0.03 baiB) Computed equilibrium mole
fractions for 12 speciegexcluding the formation of species in condensed
phases for a sample represented by the B/H rati@030, equivalent to a
mixture of 98.4% H and 1.6% BH,q, at an initial pressure of 0.03 bar.

Were that the case, thermal equilibrium calculatidgisen
tional constants were derived from the data compiled byin Sec. 4 indicated that BH;, would rival BygH;4 in com-
Beaudet:*® The vibrational frequencies are those calculatedposition, in disagreement with observations. Table 26 lists
by McKeé'"®and are scaled by a factor of 0.90. The enthalpythe ideal gas thermodynamic parameters fgii 3.
of formation was estimated empiricalfy*°%1"4and calcu-

lated ab initio;*° no experimental determinations are avail- 2.21. BgHis
able. The spread in the literature values AgH° (BgH;,, g,
298.15 K is large, from 59.41 to 175.73 kdol.”* We rec- The structure of BH;s; was determined by x-ray

ommend a value of 147.28 kiol™%, which was calculated diffraction'’® to have G symmetry, which is supported kab
from the atomization energ§6948.37 kdmol™?) estimated initio calculations:’®1%1’® The rotational constants were
by Herndon and Ellzey’* The lower value is not acceptable. calculated from structural data compiled by Beaud®The
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B4H;( + H, at 2.5 bar (A) B,Hg at 0.5 bar (A)
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Fic. 3. (A) Computed equilibrium mole fractions for 13 speciescluding FiG. 4. (A) Computed equilibrium mole fractions for 13 speciegcluding
the formation of species in condensed phasesa sample represented by the formation of species in condensed phasessa sample represented by
the B/H ratio=0.030, equivalent to a mixture of 98.4% Eind 1.6% BH,,, the B/H ratio=0.333, corresponding to,B, at an initial pressure of 0.5
at an initial pressure of 2.5 bafB) Computed equilibrium mole fractions bar.(B) Computed equilibrium mole fractions for 12 speciegcluding the
for 12 speciegexcluding the formation of species in condensed phases  formation of species in condensed phades a sample represented by the
a sample represented by the B/H rat@030, equivalent to a mixture of B/H ratio=0.333, corresponding to.Bis, at an initial pressure of 0.5 bar.
98.4% H, and 1.6% BH,, at an initial pressure of 2.5 bar.

e oo g SSTate 0 be 20677, arly H° B 0,0
Py K)=158.41 kdmol™ 1. These results are used in the present

available. McKe&™ proposedA;H® (BgH;s, g, 298.15 K . . ;
—~110.88 kdmol~. Housecroft and Wad& reported an at- calculatlons.. Thg ideal gas thermodynamic parameters for
BgH15 are given in Table 27.

omization energy of 6919.9 kol !, from which A{H®
(BgH1s5 g, 298.15 K is estimated to be 179.91 kol L.

Recently, an enthalpy increment @& K for the reaction 2.22. BygHia
(BgH15+BH3— By gH14+2H,) was calculated to be-205.85
kJ-mol™* by McKeel’® Based on this result and;H° The structure of BH, was determined by x-raj’ 1"

(BioH14 9, 0 K)=93.98 kdmol™* (see next and AjH°  and neutron diffractiof® (C,, symmetry. The rotational
(BHg, g, 0 K)=93.05 kdmol %, A{H° (BgH;5, g, 298.15 K constants were derived from the data compiled by

J. Phys. Chem. Ref. Data, Vol. 27, No. 4, 1998



THERMOCHEMISTRY OF THE BORANES 829

B,Hg at 2.5 bar (A) B,4H, ¢ at 0.03 bar (A)
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Fic. 5. (A) Computed equilibrium mole fractions for 13 speciegcluding
the formation of species in condensed phasessa sample represented by
the B/H ratio=0.333, corresponding toBlg, at an initial pressure of 2.5
bar. (B) Computed equilibrium mole fractions for 12 speciezcluding the
formation of species in condensed phades a sample represented by the
B/H ratio=0.333, corresponding to,Blg, at an initial pressure of 2.5 bar.

Fic. 6. (A) Equilibrium mole fractions for a sample with BA4D.40, corre-
sponding to BH,q, at 0.03 bar(B) Equilibrium mole fractions for a sample
with B/H=0.40, corresponding to Bl;,, at 0.03 bar.

Beaudet The vibrational frequencies are those calculatec® Somewhat lower valugl8.41 kmol™). Recentab initio
by McKe€"'® and were scaled by a factor of 0.943. calculations by McKe¥®led to a much lower valug-35.98
A¢H® (ByoH1a 9, 298.15 K was determined experimen- kJ-mol™?). Laurie and Perkit?® and Guestet al**° sug-
tally by Johnsoret al'®! (—32.64 kJmol™1) and Galchenko gested 115.48 and 29.71,-kdol"%, respectively. The latter
et al'® (-25.10 kJmol™). An average of —28.87 s close to that evaluated by Wagmat al® (31.38
kJ-mol™* was recommended fak{H® (BigHs 298.15 K. k3.mol™1). Here we selected the value recommended in the
Based on the measured enggflpy of vaporization by FujaNAF tablest The ideal gas thermodynamic parameters for
B,gH14 are given in Table 28. The maximum deviations on

rukawa and Par® and Miller!®* an average valu¢47.28
kJ-mol~1) was obtained foA;H® (B;gH14 g, 298.15 K and o

Cp and S° between Table 28 and those of the JANAF
table are 2.8 and 3.2-K~'-mol~?, respectively.

was accepted in the JANAF tableddowever, another ex-
perimental determination by Gunn and Kindsv&tefavored
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Fic. 7. (A) Equilibrium mole fractions for a sample with B/H 0.40, Fic. 8. (A) Equilibrium mole fractions for a sample with BA4D.40, corre-
corresponding to B4y, at 0.5 bar.(B) Equilibrium mole fractions for a  sponding to BH,q, at 2.5 bar(B) Equilibrium mole fractions for a sample
sample with B/H=0.40, corresponding to By, at 0.5 bar. with B/H=0.40, corresponding to Bl,,, at 2.5 bar.
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B;oH, 4 at 0.03 bar (A) B, oH, 4 at 0.5 bar (A)
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Fic. 9. (A) Equilibrium mole fractions for a sample with BAD.714, cor-
responding to BHi4, at 0.03 bar.(B) Equilibrium mole fractions for a
sample with B/H=0.714, corresponding to,6H44, at 0.03 bar.

Fic. 10. (A) Equilibrium mole fractions for a sample with BAD.714,
corresponding to BH,4, at 0.5 bar.(B) Equilibrium mole fractions for a
sample with B/H=0.714, corresponding to,6H44, at 0.5 bar.
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Fic. 11. (A) Equilibrium mole fractions for a sample with BAD.714,
corresponding to BH,,, at 2.5 bar.(B) Equilibrium mole fractions for a
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sample with B/H=0.714, corresponding to,BH,4, at 2.5 bar.

3. Polynomials for Thermodynamic

Parameters

The computed values of the thermodynamic variallgs
S°, andAH? (in Tables 3—2Bwere fitted by the following

(NASA type) polynomials®

CO

szal+a2T+a3T2+a4T3+a5T4,
S° nTe _I_a3T2+a4T3 a5T4+
RN ITalT 3 4 an
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AHY a,T agT? a,T° asT* ag

RT "2 "3 "7 "5 T
These coefficients, for two different temperature ranges, are
listed in Table 29. Notice that the “enthalpy AH°t, given

above is defined by:
AH®(T) (compound

=A;H°(298.15 K(compound

+[H°(T)—H° (298.15 K]compound,

(1)
and it differs from the enthalpy of formation of the com-
pound,A{H°(T)(compound, which is calculated according
to the following relation(as used in the JANAF tablbs

A{H°(T)(compound
=A¢H° (298.15 K(compound)

+[H°(T)—H*(298.15 K (compound

_Z[HO(T)_HOeIementg- (2)
The difference between Eqgs(l) and (2) is the
term {=3[H°(T)—H"° (298.15 K]e¢iements - Thus,
AH®(T)(compound derived from NASA polynomials is
equal toA{H°(T)(compound only at 298.15 K. However,
the NASA procedure does not introduce errors in thermo-
chemical or kinetic calculations, since the terms
{=2[H°(T)—H"° (298.15 K] clemens I EQ. (2) cancel in
calculating heats of reaction. Moreover, the NASA format
provides the advantage of convenience.

4. Comments on the Derived Equilibrium
Mole Fractions

The equilibrium mole fractions versus temperatuiz30—
1000 K) for four B/H ratios at various initial pressuré3.03,
0.50, and 2.50 barare given in Figs. 1-11. Inspection of
these graphs shows interesting and, in some respects, surpris-
ing features. As expected, higher temperatures increase sig-
nificantly the proportions of the less stable species. Increases
in (initial) pressure do not alter the shapes of mole fraction
versus temperature dependencies, nor their relative positions.
The levels of the minor species generally decrease with in-
creasing pressure. At the same initial pressure, increasing the
B/H ratio from 0.333 to 0.714 is hardly noticeable, but the
decrease from B/H0.333 (as in BHg) to B/H=0.03 en-
hances significantly the mole fractions of most boranes ex-
cept that of BgH4, which is decreased. Indeed, the highest
B/H ratio tested differs from the lower three sets; contrast the
relative magnitudes of fHversus BgHq4 vs B4H,. The ther-
mochemical trend is towards gaseous species with compa-
rable B and H levels, as expressed when the B/H ratio was
increased. It is plausible to argue that these aspects reflect the
intrinsic thermodynamic instability of the boranes relative to
the elements in their standard states. Recall that Figs. 1-11
were calculated under the restriction that no condensed
phases were included, but gaseous elementary boron was.
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